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Abstract. Using an Extreme Ultraviolet Explorer
(EUVE) spectrum, we confirm the identification of a white
dwarf companion to the B9.5V star 16 Dra (HD150100),
and constrain its surface temperature to lie between
29,000K and 35,000K. This is the third B star + white
dwarf non-interacting Sirius-type binary to be confirmed,
after y Pup (HR2875, HD59635) and θ Hya (HR3665,
HD79469). 16 Dra and its white dwarf companion are
members of a larger resolved proper motion system in-
cluding the B9V star 17 Dra A (HD150117). The white
dwarf must have evolved from a progenitor more massive
than this star, MMS ≈ 3.7M⊙. White dwarf companions
to B stars are important since they set an observational
limit on the maximum mass for white dwarf progenitors,
and can potentially be used to investigate the high mass
ends of the initial-final mass relation and the white dwarf
mass-radius relation.
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1. Introduction
Unresolved Sirius-type binary systems consisting of a
white dwarf and a main sequence star (spectral type B−K)
are difficult to identify optically, since the bright main
sequence companion completely swamps the degenerate
star’s flux. However, through the ROSAT Wide Field
Camera (WFC, Pounds et al. 1993) and Extreme Ul-
traviolet Explorer (EUVE, Bowyer et al. 1994) surveys,
EUV radiation with the spectral signature of a hot white
dwarf has been detected originating from apparently in-
active main sequence stars, giving a clue to the existence
of a previously unidentified population of Sirius-type bi-
naries. Over 20 new systems have now been identified
(e.g. Barstow et al. 1994, Burleigh et al. 1997, Vennes et al.
1998). For companions of spectral type ∼A5 or later, far-
ultraviolet spectra obtained with the International Ultra-
violet Explorer (IUE) have been used to confirm the iden-
tifications, since the white dwarf is actually the brighter
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Fig. 1. Optical image of the 16 Dra system from the Dig-
itized Sky Survey. The field is 8×8 arcmin. The lower of
the bright stars is 16 Dra. The upper bright star is the 17
Dra A/B pair, unresolved here but in fact separated by
3.2 arcsec. The circles denote, in decreasing order of size,
the ROSAT WFC, EUVE and ROSAT PSPC source error
boxes.
component at these wavelengths. Unfortunately, stars of
spectral types O, B and early A will still dominate any
emission from a white dwarf in the far-UV regime, and
IUE or HST cannot be used to identify any putative de-
generate companions to these objects.
Two bright B stars, θ Hya (HR3665) and y Pup
(HR2875), were unexpectedly detected in the ROSAT and
EUVE surveys. Since their soft X-ray and EUV colours
were similar to many known hot white dwarfs, it was sus-
pected that they too were hiding hot white dwarf compan-
ions. Fortunately, both EUV sources were bright enough
to be observed by EUVE’s spectrometers. y Pup was ob-
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Fig. 2. EUVE short wavelength spectrum of 16 Dra, shown together with a pure-H white dwarf + ISM model (solid
line) for log g = 8.5, Teff = 31, 900K, NHI = 8.2×10
18 atoms cm−2, NHeI = 9×10
17 atoms cm−2, and NHeII = 3×10
17
atoms cm−2. Inset (upper): the same data, displayed at the instrument resolution of ≈ 0.5A˚. Inset (lower): EUVE
short wavelength spectrum of Sirius B, for comparison.
served by EUVE in 1996, θ Hya in 1998, and the formal
discovery of these Sirius-type systems was subsequently re-
ported by Vennes et al. (1997, y Pup), Burleigh & Barstow
(1998, y Pup), and Burleigh & Barstow (1999, θ Hya).
White dwarf companions to B stars are of significant
importance since they must have evolved from massive
progenitors, perhaps close to the maximum mass for white
dwarf progenitor stars. They are also likely to be sig-
nificantly more massive than the mean for white dwarf
stars in general (≈ 0.57M⊙, Bergeron et al. 1992). The
value of the maximum mass for a white dwarf progenitor
star, and hence the minimum mass for producing a Type
II supernova through core collapse in a single star, is a
long-standing astrophysical problem. Weidemann (1987)
gives the limit as ∼ 8M⊙ in his semi-empirical initial-final
mass relation. Observationally, this limit is best set by
the white dwarf companion to y Pup (HR2875). Echelle
spectroscopy of this object by Vennes (2000) has recently
revealed that this system comprises two main sequence B
stars (B3.5V+B6V) in an eccentric ≈ 15 day orbit, with
the white dwarf forming a third, wider component. The
white dwarf must then have evolved from a star more
massive than B3.5V, ∼ 5.5M⊙ (Vennes 2000). We also
note that Bergho¨fer et al. (2000) have recently suggested
that the spectroscopic companion to the B1.5IV star λ
Sco might be a hot ultramassive white dwarf (1.25M⊙ <
MWD < 1.4M⊙), based on an excess of EUV and soft X-
ray radiation detected in ROSAT and EUVE photometric
observations. If the existence of a white dwarf in this sys-
tem was confirmed it would obviously set the lower limit
on the maximum mass for white dwarf progenitors at a
value near Weidemann’s semi-empirical ∼ 8M⊙ limit, al-
though unfortunately λ Sco is a close binary (P = 5.959
days) and mass transfer may have taken place at some
stage.
White dwarfs in Sirius-type binaries can also be used
to investigate the relationship between the mass of a main
sequence star and its white dwarf progeny, the initial-final
mass relation. In particular, white dwarf + B star binaries
can be used to investigate the upper end of this relation.
Likewise, if the two components can eventually be resolved
and an astrometric mass determined for the white dwarf,
these systems can potentially be used to investigate the
high mass end of the theoretical white dwarf mass-radius
relation, for which few observational data points currently
exist (Vauclair et al. 1997, Provencal et al. 1998).
In addition to y Pup and θ Hya, another B star was
also detected in the ROSAT WFC and EUVE surveys,
16 Dra (HD150100, B9.5V). In this paper we present an
EUVE spectrum of 16 Dra, which proves that it too has
a hot white dwarf companion.
2. The 16 Dra system
16 Dra (HR6184, HD150100, ADS10129C) is a V=5.51
B9.5V star in a visual triple system with two other early-
type stars, 17 Dra A (HR6185, HD150117, ADS10129A,
B9V, V=5.08) and 17 Dra B (HR6186, HD150118,
ADS10129B, A1V, V=6.58). The Hipparcos Catalogue
(Perryman et al. 1997) gives the separation of 17 Dra A&B
as just 3.208 arcsec; 17 Dra A and 16 Dra are then sepa-
rated by 90.17 arcsec (Fig.1). The Hipparcos parallax for
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Table 1. X-ray and EUV count rates (counts/ksec) and size of source error box (radius in arcsec). The EUVE source
error box is a nominal 30 arcsec, since no value is given in Bowyer et al. (1994). The ROSAT WFC error includes the
formal 90% error and a quadratically added 30 arcsec error to account for systematics in the aspect solution.
WFC PSPC EUVE
ROSAT No. Name error box S1 S2 error box 0.1-0.4 keV 0.4-2.4 keV error box 100A˚ 200A˚
RE J1636+525 16 Dra 51.6 12±4 46±11 16 72±15 0.0 30 32±4 0.0
16 Dra is 8.16±0.55 mas, corresponding to a distance of
122.5 pc (114.8−131.4 pc), and the parallax for 17 Dra
A is similar, 8.22±0.60 mas, corresponding to a distance
of 121.6 pc (113.4−131.2 pc). No solution is given for 17
Dra B. The proper motions of 16 Dra and 17 Dra A are
also very similar: for 16 Dra µα=−12.9±0.6 mas/yr and
µδ=28.7±0.6 mas/yr; for 17 Dra A µα=−12.3±0.6 mas/yr
and
µδ=27.4±0.6 mas/yr. All three stars are therefore almost
certainly related. In that case, any white dwarf in the sys-
tem must have descended from a progenitor more massive
than the earliest-type star extant, B9V (17 Dra A).
3. Detection of EUV radiation from 16 Dra in the
ROSAT WFC and EUVE surveys
The ROSAT EUV and X-ray all-sky surveys were con-
ducted between July 1990 and January 1991; the mission
and instruments are described elsewhere (e.g. Tru¨mper
1992, Sims et al. 1990). 16 Dra is associated with the
WFC source RE J1636+525, and was later also detected
in the EUVE all-sky survey (conducted between July 1992
and January 1993). This source is also coincident with a
ROSAT Position Sensitive Proportional Counter (PSPC)
soft X-ray detection. The count rates from all three in-
struments and associated filters are given in Table 1. The
WFC count rates are taken from the revised 2RE Cat-
alogue (Pye et al. 1995), which was constructed using
improved methods for source detection and background
screening. The EUVE count rates are taken from the First
EUVE Source Catalog (Bowyer et al. 1994). The source
is not included in the revised Second EUVE Source Cata-
log (Bowyer et al. 1996, see discussion below). The PSPC
count rate was obtained from the on-line ROSAT All Sky
Survey Bright Source Catalogue source browser, main-
tained by the Max Planck Institute in Germany (Voges
et al. 1999)1.
Fig.1 shows an optical image of the 16 Dra field from
the Digitized Sky Survey2, including the nearby pair 17
Dra A/B. Also shown are the ROSAT WFC, EUVE and
PSPC source error boxes. Clearly, no obvious optical coun-
terpart is visible or resolved within the intersection of
these three boxes, other than 16 Dra itself.
1 http://www.rosat.mpe-garching.mpg.de/cats/src-
browser/
2 http://ledas-www.star.le.ac.uk/DSSimage/
The EUV and soft X-ray colours are similar to known
hot white dwarfs, and the EUV radiation is too strong for
it to be the result of UV leakage through the WFC filters,
although in the EUVE source catalogs (e.g. Bowyer et al.
1994) it is flagged as such (and, indeed, omitted from the
second EUVE source catalog as a result, Bowyer et al.
1996). Far-UV leakage is a known problem for EUVE,
but the effect is almost negligible in the WFC, especially
for a late B star like 16 Dra. Assuming a temperature of
10,000K, we estimate the far-UV leakage contribution to
the WFC S2 flux at just 3×10−5 counts/sec, compared
with the ≈0.05 counts/sec detected. Add the fact that the
EUV detection is also coincident with a PSPC soft X-ray
detection, and it can be safely assumed that it is real.
16 Dra is only detected in the soft 0.1−0.4 keV PSPC
band; only one (rather unusual) white dwarf has ever
been detected at higher energies (KPD0005+5105, Flem-
ing et al. 1993). Most active stars are also hard X-ray
sources, and indeed Bergho¨fer et al. (1996) found only
three of the B stars detected by the ROSAT PSPC were
not hard X-ray sources. Interestingly, these are y Pup, θ
Hya (both of which have confirmed white dwarf compan-
ions) and 16 Dra. Therefore, Burleigh & Barstow (1999)
confidently predicted that 16 Dra might also be hiding a
hot white dwarf companion, and using the ROSAT count
rates demonstrated that it probably had a surface tem-
perature between 25,000−37,000K.
4. EUVE pointed observation and data reduction
16 Dra was observed twice by EUVE in dither mode,
firstly for ≈220,000 sec between 1999 February 28th and
1999 March 7th, and then for ≈230,000 sec between 1999
June 27th and 1999 July 6th, giving a total exposure
time of 453,985.5 sec. We have extracted the spectra from
the detector images using standard IRAF procedures. Our
general reduction techniques are described in earlier work
(e.g. Barstow et al. 1997).
The target was only detected, weakly, in the short
(70−190A˚) wavelength spectrometer. To improve the sig-
nal/noise ratio, we combined the two observations before
extracting this spectrum, and then binned the data by a
factor 32. The resultant spectrum is shown in Fig.2. The
flux distribution is similar in shape to the familiar EUV
continuum expected from hot white dwarfs in this spec-
tral region (Fig.2, inset). No emission lines are visible in
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Table 2. Hamada-Salpeter zero-temperature mass-radius
relation. 16 Dra is assumed to lie at a distance of 122.5pc.
log g MWD RWD RWD (RWD/D)
2
(M⊙) (R⊙) (×10
8cm)
7.5 0.30 0.017 11.832 9.929×10−24
8.0 0.55 0.013 9.048 5.806×10−24
8.5 0.83 0.009 6.264 2.783×10−24
9.0 1.18 0.006 4.176 1.237×10−24
the raw data (Fig.2, inset), despite the apparent excess of
flux at ∼120A˚ in the binned spectrum.
The only stars other than white dwarfs whose photo-
spheric EUV radiation has been detected by the ROSAT
WFC and EUVE are the bright early B giants β CMa
(B1II−III, Cassinelli et al. 1996) and ǫ CMa (B2II, Co-
hen et al. 1996). The photospheric continuum of ǫ CMa is
visible down to ∼300A˚, although no continuum flux from
β CMa is visible below the HeI edge at 504A˚. Both stars
also have strong EUV and X-ray emitting winds, and in
ǫ CMa emission lines are seen by EUVE in the short and
medium wavelength spectrometers from e.g. high ionisa-
tion features of iron. Similarly, strong narrow emission fea-
tures of e.g. oxygen, nickel and calcium are commonly seen
in EUV spectra of active stars and RS CVn systems. Since
no such features are visible in this spectrum of 16 Dra, we
can categorically rule out a hot wind or unresolved active
late-type companion to 16 Dra as an alternative source for
the EUV radiation.
5. Analysis of the hot white dwarf’s EUV
spectrum
We have matched the EUV spectrum of 16 Dra with a grid
of hot white dwarf + ISM model atmospheres, in order to
constrain the atmospheric parameters (temperature and
surface gravity) of the degenerate star and the interstel-
lar column densities of HI, HeI and HeII. Unfortunately
there are no spectral features in this wavelength region to
give us an unambiguous determination of Teff and log g.
However, by making a range of assumptions to reduce the
number of free parameters in our models, we can place
constraints on some of the white dwarf’s physical param-
eters. Our method is similar to that used in the analysis
of y Pup (Burleigh & Barstow 1998) and θ Hya (Burleigh
& Barstow 1999).
Firstly, we assume that the white dwarf has a pure-
hydrogen atmosphere. This is a reasonable assumption to
make, since Barstow et al. (1993) first showed that for
Teff < 40, 000K hot DA white dwarfs have an essentially
pure-H atmospheric composition. We can then fit a range
of models, each fixed at a discrete value of the surface
gravity log g. However, before we can do this we need to
know the normalisation parameter of each model, which
is equivalent to (RWD/D)
2. For this, we can use the Hip-
Fig. 3. Confidence contours for the spectral fit to the
EUVE data, at 66%, 90% and 99% in the (Teff , log g)
plane.
Fig. 4. Confidence contours for the spectral fit to the
EUVE data, at 66%, 90% and 99% in the (log g, NHI)
plane.
parcos parallax to give us the distance, and the Hamada
& Salpeter (1961) zero-temperature mass-radius relation
to give us the radius of the white dwarf corresponding to
each value of the surface gravity (see Table 2).
We can also reduce the number of unknown free pa-
rameters in the ISM model. From EUVE spectroscopy,
Barstow et al. (1997) measured the line-of-sight interstel-
lar column densities of HI, HeI and HeII to a number of
hot white dwarfs. They found that the mean H ionisa-
tion fraction in the local ISM was 0.35±0.1, and the mean
He fraction was 0.27±0.04. From these estimates, and as-
suming a cosmic H/He abundance, we calculate the ratio
NHI/NHeI in the local ISM=8.9 and NHeI/NHeII = 2.7.
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Table 3. WD parameters and interstellar column densities.
log g Teff (K) 90% range NHI 90% range NHeI NHeII
×1019 ×1019 ×1018 ×1017
7.5 29,300 (28,100−30,400) 1.0 (0.4−1.5) 1.1 4.1
8.0 30,100 (28,900−31,200) 0.9 (0.4−1.4) 1.0 3.7
8.5 31,900 (30,500−33,000) 0.8 (0.4−1.2) 0.9 3.4
9.0 34,200 (32,800−35,400) 0.7 (0.3−1.1) 0.8 3.0
We can then fix these column density ratios in our model,
leaving us with just two free parameters - temperature
and the HI column density.
The model fits at a range of surface gravities from
log g = 7.5 − 9.0 are summarized in Table 3. Note that
our range of fitted temperatures is in agreement with
those of Burleigh & Barstow (1999), who modelled the
ROSAT EUV and soft X-ray photometric data for 16 Dra
on the assumption that the source was indeed an unre-
solved white dwarf.
6. Discussion
We have analysed the weak EUVE spectrum of the B9.5V
star 16 Dra, and confirm that there is an unresolved hot
white dwarf in the field.
Fig.1 clearly shows that the white dwarf is not re-
solved from 16 Dra in the Digitized Sky Survey image,
and their angular separation can be no more than ≈30
arcsec. However, if the white dwarf lies at the same dis-
tance as 16 Dra and its proper motion companions 17 Dra
A & B, and is related to them, then it must have evolved
from a progenitor more massive than the earliest extant
star in the system, 17 Dra A (B9V). Thus this degener-
ate has the second most massive progenitor among known
white dwarfs. Table 4 lists the earliest type stars known to
have white dwarf companions, including all three B star
+ white dwarf binaries and Sirius.
EUVE spectra provide us with little information with
which to constrain a white dwarf’s surface gravity, and
hence its mass, but we can use a theoretical initial-final
mass relation between main sequence stars and white
dwarfs, e.g. that of Wood (1992), to estimate the mass of
the white dwarf if the progenitor was slightly more mas-
sive than a B9V star: MWD = Aexp (B ×MMS), where
A = 0.49M⊙ and B = 0.094M
−1
⊙ .
For MMS = 3.7M⊙, we find MWD = 0.69M⊙. This
would suggest the surface gravity of the white dwarf log
g > 8.0 and, therefore, its surface temperature most likely
lies between ≈ 29, 000K and ≈ 35, 000K.
Finally, we note that if this white dwarf can be resolved
from 16 Dra, then an optical spectrum may potentially be
obtained (e.g. with HST/STIS) from which its tempera-
ture and gravity can be tightly constrained. The mass can
then be estimated, and this binary could be used to inves-
tigate the initial-final mass relation and to test the high
mass end of the mass-radius relation.
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7. Appendix: HD93847 - another B star + white
dwarf binary in the ROSAT WFC catalogue?
A fourth B star, HD93847 (B9, V=7.46) was detected in
the WFC survey, with a count rate of 9±4 counts/ksec in
the S1 filter and 18±5 counts/ksec in the S2 filter. Since
the S2/S1 count rate ratio is similar to known hot white
dwarfs, it would be reasonable to suggest that perhaps
this B star is also hiding a degenerate companion. The de-
tected flux is highly unlikely to be due to far-UV leakage:
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we estimate this contribution as only 6×10−6 counts/sec.
Unfortunately, this weak WFC source was not detected by
the ROSAT PSPC or by EUVE, and thus it is not clear
whether the detection is real. With a combined S1+S2 de-
tection significance of only 5.8σ it is in the regime where a
few spurious detections are expected (see Pye et al. 1995).
Alternatively, the B star may be hiding an unresolved ac-
tive late-type companion that flared in the EUV wave-
band. We are therefore unwilling to claim that this source
is due to another hidden white dwarf.
